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The vertebrae are derived from the sclerotome of somites. Formation of the vertebral body involves a
process called resegmentation, by which the caudal half of a sclerotome is combined with the rostral half
of the next sclerotome. To elucidate the relationship between resegmentation and rostro-caudal
patterning of somite, we used the Uncx4.1-LacZ transgene to characterize the resegmentation process.
Our observations suggested that in the thoracic and lumbar vertebrae, the Uncx4.1-expressing caudal
sclerotome gave rise to the intervertebral disc (IVD) and rostral portion of the vertebral body (VB). In the
cervical vertebrae, the Uncx4.1-expressing caudal sclerotome appeared to contribute to the IVD and both
caudal and rostral ends of the VB. This ﬁnding suggests that the rostro-caudal gene expression boundary
does not necessarily coincide with the resegmentation boundary. This conclusion was supported by
analyses of Mesp2 KO and Ripply1/2 double KO embryos lacking rostral and caudal properties,
respectively. Resegmentation was not observed in Mesp2 KO embryos, but both the IVD and whole VB
were formed from the caudalized sclerotome. Expression analysis of IVD marker genes including Pax1 in
the wild-type, Mesp2 KO, and Ripply1/2 DKO embryos also supported the idea that a metameric pattern
of IVD/VB is generated independently of Mesp2/Ripply-mediated rostro-caudal patterning of somite.
However, in the lumbar region, IVD differentiation appeared to be stimulated by the caudal property and
suppressed by the rostral property. Therefore, we propose that rostro-caudal patterning of somites is not
a prerequisite for metameric patterning of the IVD and VB, but instead required to stimulate IVD
differentiation in the caudal half of the sclerotome.
& 2013 Elsevier Inc. All rights reserved.Introduction
The vertebrate axial skeleton is derived from the sclerotome of
somites. Somites are paired metameric structures of paraxial
mesoderm along both sides of the neural tube formed by segmen-
tation of the presomitic mesoderm in regular temporal and spatial
intervals. Newly formed somites begin to differentiate under the
inﬂuence of surrounding tissues into the ventromedial sclerotome,
which gives rise to the vertebrae and ribs, and the dorsolateral
dermomyotome, which produces the skeletal muscles and dermis.
A great deal of study has so far revealed the molecular mechanisms
underlying various aspects of somitogenesis, including periodicityll rights reserved.and regularity via a molecular clock, synchronization among cells,
formation of the segment boundary, rostro-caudal patterning
within each somite, and the mesenchymal-epithelial transition
(Aulehla and Pourquie, 2008; Dequeant and Pourquie, 2008;
Pourquie, 2007; Wahl et al., 2007). A series of studies on the bHLH
transcription factor Mesp2 (Morimoto et al., 2006; Morimoto et al.,
2005; Nomura-Kitabayashi et al., 2002; Oginuma et al., 2008; Saga
et al., 1997; Sasaki et al., 2011; Takahashi et al., 2005; Takahashi
et al., 2003; Takahashi et al., 2000; Takahashi et al., 2007b; Yasuhiko
et al., 2006) and its downstream co-repressors Ripply1 and 2 have
shown that the Mesp2/Ripply system plays critical roles in estab-
lishing the rostro-caudal patterning of each somite, as well as
somite boundary formation (Hitachi et al., 2009; Kawamura et al.,
2008; Moreno et al., 2008; Morimoto et al., 2007; Takahashi et al.,
2010). Just prior to somite formation, one presumptive somite is
subdivided into rostral and caudal halves, which differ in gene
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localizes to the rostral half of the somite and induces expression of
rostral genes, such as EphA4 and Tbx18, and suppresses Notch
activity and the expression of caudal genes Dll1 and Uncx4.1. Mesp2
also induces the expression of Ripply 1 and 2, which in turn play
roles in restricting the expression domain of Mesp2 by suppressing
the activity of Tbx6. In Mesp2-knockout (KO) embryos, the rostral
half property is lost and instead the caudal half property is
expanded throughout the somitic mesoderm (caudalization).
In contrast, in Ripply 1/2 double-knockout (Ripply1/2 DKO) embryos,
the caudal half property is completely lost and the rostral property
is expanded (rostralization).
Though many studies have focused on the mechanism of
somitogenesis and differentiation of the sclerotome, myotome,
and dermatome, the mechanisms underlying subsequent vertebral
morphogenesis are poorly understood (Christ et al., 2007). Previous
studies have suggested that Pax1 and Pax9, which are part of the
Pax family of transcription factors, are essential for formation of
both the vertebral body (VB) and intervertebral disc (IVD) (Deutsch
et al., 1988; Neubuser et al., 1995; Peters et al., 1999; Wilm et al.,
1998). Speciﬁcation of the pedicles of the neural arches, transverse
processes, and proximal ribs requires the paired-domain transcrip-
tion factor Uncx4.1 (we use herein Uncx4.1; the ofﬁcial gene symbol
is now Uncx) (Leitges et al., 2000; Mansouri et al., 2000; Mansouri
et al., 1997; Saito et al., 1996). At the dorsal-most vertebra, BMP and
Msx are involved in the formation of spinous process (Monsoro-
Burq et al., 1994; Monsoro-Burq et al., 1996).
In amniotes, a process called resegmentation occurs when the VB
is formed from the sclerotome (Remak, 1855; von Ebner, 1889). That
is, the sclerotome is subdivided into rostral and caudal halves at the
sclerotomal ﬁssure, or von Ebner's ﬁssure, and the caudal half of a
sclerotome is combined with the rostral half of the next sclerotome
to form a VB. This scheme, which is illustrated in most develop-
mental biology textbooks, naturally leads to the concept that a
metameric pattern of somites is the basis for a metameric pattern
of vertebrae, and the rostro-caudal patterning of each somite is
essential for VB formation (Senthinathan et al., 2012). However, our
previous observations suggested that segmentation of the VB does
not necessarily reﬂect the status of somite segmentation. In Mesp2
KO embryos, the somite boundary does not form and rostro-caudal
patterning is lost, i.e. the caudal property expands throughout the
somitic mesoderm. However, the VBs appear segmented, though
irregular, whereas the pedicles of the neural arches and proximal ribs
are almost completely fused (Saga et al., 1997; Takahashi et al.,
2007a). In Ripply 1/2 DKO embryos, the vertebral bodies appear
segmented, and the pedicles of the neural arches and proximal ribs
are completely lost (Takahashi et al., 2010). Thus, an obvious
difference in severity exists between the medial and lateral elements
of the vertebral column.
Although resegmentation has been experimentally studied in
the chick embryo (Aoyama and Asamoto, 2000; Bagnall et al.,
1988; Ewan and Everett, 1992; Huang et al., 2000; Huang et al.,
1996), it has only been classically described in the mammalian
embryo (Verbout, 1985). To elucidate the mode of resegmentation
in mouse vertebrae, we analyzed the localization of caudal
sclerotome-derived cells using Uncx4.1-LacZ transgenic mice.
Uncx4.1 is a reliable marker of the caudal half of somites. Expres-
sion of Uncx4.1 initially localizes in the caudal half of each
epithelial somite, then the caudal half of the sclerotome, and
ﬁnally in the caudal lateral sclerotome giving rise to the pedicle of
the neural arch (Mansouri et al., 1997). Therefore, Uncx4.1 is
transiently expressed in the medial sclerotome and the stability
of β-galactosidase activity can be used to label the cells. We also
introduced the Uncx4.1-LacZ transgene into the Mesp2 KO back-
ground and observed the process of vertebrae formation. Our
results highlight the importance of IVD/VB differentiation.Less attention has been paid to IVD development. Several
recent studies revealed the roles of Sonic hedgehog signaling in
IVD development (Choi and Harfe, 2011; Choi et al., 2012; Maier
et al., 2013). Traditional studies suggested that the IVD is derived
from the caudal half of the somite, but the sclerotomal origin in
the chick embryo appears to be open to debate (Bruggeman et al.,
2012; Christ et al., 2007). Some authors have suggested that the
IVD and articular processes are derived from somitocoele cells, the
internal core of the somite, in avian embryos (Huang et al., 1996;
Huang et al., 1994; Mittapalli et al., 2005). However, the relation-
ship between resegmentation and IVD development has not been
elucidated in mammalian embryos. To obtain insight into this
issue, we took advantage of mouse mutants with defects in the
rostro-caudal patterning of the somites. We compared the expres-
sion patterns of several IVD (ﬁbromodulin (Smits and Lefebvre,
2003) and TGFb3 (Millan et al., 1991)) and articular joint (GDF5
(Settle et al., 2003; Storm and Kingsley, 1996)) markers in Mesp2
KO embryos with caudalized somites and Ripply1/2 DKO embryos
with rostralized somites.
Pax1 is expressed in the whole sclerotome with strong expres-
sion in the caudal half of early stage somites and the IVD of late
stage embryos (Wallin et al., 1994). To clarify the relationship
between rostro-caudal patterning and the IVD, we examined the
expression of Pax1 and Uncx4.1 at different stages of vertebral
column formation in wild-type, Mesp2 KO, and Ripply1/2 DKO
embryos. Our results show that a periodic pattern of Pax1 expres-
sion correlates with IVD/VB patterning. Taken together, these
results imply that differentiation of the IVD and VB is another
critical aspect of vertebral column patterning that is intrinsically
independent of the rostro-caudal patterning, and that the seg-
mentation of somites and rostro-caudal patterning is not a pre-
requisite for a metameric pattern, but for regularity and spatial
organization of the IVD and VB.Material and methods
Animals
To generate the Uncx4.1-LacZ transgenic mouse, a BAC library
was screened for a clone including the Uncx4.1 locus. We digested
the BAC clone with BamHI and co-injected all fragments with the
hsp-LacZ-pA cassette into eggs from C57Bl/6; SJL F1 hybrid
intercrosses. Microinjection into eggs and oviduct transfer to foster
females was performed using standard procedures. Offspring were
screened by PCR and X-gal staining of their embryos for
β-galactosidase activity in the caudal halves of the somites.
Mesp2+/neo and Mesp2+/L mice were maintained in NIHS and
represented the most severe Mesp2 alleles. In Mesp2neo/neo and
Mesp2L/L embryos, compensation by Mesp1 is suppressed so that
no somite boundary is formed and the somitic mesoderm is
caudalized (Morimoto et al., 2006; Takahashi et al., 2007b). For
observation of β-galactosidase activity, Uncx4.1-LacZ tg+/−Mesp2+/neo
mice were crossed with Mesp2+/neo mice to obtain Uncx4.1-LacZ
tg+/−Mesp2neo/neo embryos.
Ripply1 and Ripply2 KO mice were maintained by ST's lab, and
Ripply1−/−Ripply2−/−embryos were obtained by crossing Ripply1−/
−Ripply2+/−pairs (Takahashi et al., 2010). Primers for genotyping
PCR were provided in previous reports.
X-gal staining of whole mount embryos and frozen sections
E9.5 to E11.5 embryos were stained in whole mounts and
subjected to parafﬁn sectioning. Embryos were ﬁxed in LacZ ﬁx
solution at 4 1C for 15 min, washed three times in PBS, and stained
in X-gal solution. After post-ﬁxation in 4% paraformaldehyde/PBS
Fig. 1. Localization of β-galactosidase activity in the wild-type E11.5 Uncx4.1-LacZ embryos prior to vertebrae formation. Sagittal sections of the lateral sclerotomal (A, B, C),
medial sclerotomal (D, E, F), and midsagittal (G, H, I) regions are shown for the cervical (A, D, G), thoracic (B, E, H), and lumbar (C, F, I) regions. Brackets indicate the relative
length of the rostral (R) and caudal (C) domains within a sclerotome. Anterior to the left, dorsal to the top.
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xylene, and embedded in parafﬁn (m.p. 62 1C). Serial sections were
made at 5 μm and weakly counterstained with eosin.
For embryos older than E11.5, frozen sections were cut ﬁrst and
used for X-gal staining. Brieﬂy, embryos with heads removed were
ﬁxed in LacZ ﬁx solution for 1 h at 4 1C. After washing in PBS, the
embryos were immersed in 30% sucrose/PBS overnight and
embedded in OCT compound (Tissue-Tek, SAKURA) and frozen in
liquid nitrogen. Serial sections were cut at 8 μm and dried over-
night at 45 1C. Slides were washed in PBS, post-ﬁxed in 4%
paraformaldehyde/PBS for 1 min, washed three times in PBS, and
immersed in X-gal solution at 37 1C overnight. After washing in
PBS, the sections were counterstained with eosin.
In situ hybridization
Plasmids for synthesizing RNA probes were either a gift from
others (Col2a1, Kathy Cheah; Uncx4.1, Peter Gruss; Pax1, Haruhiko
Koseki) or cloned by PCR (Fibromodulin, TGFb3, Gdf5). The method
for in situ hybridization of frozen sections was described pre-
viously (Takahashi et al., 2000).
Observation of localization of β-galactosidase-positive cells
We usually observed three successfully stained embryos per
particular developmental stage for each genotype. Sections stained
only with eosin or weakly stained with X-gal provided the general
histology for the forming vertebral column. At E12.5, the primor-
dial IVD region was still only a mesenchymal cluster traditionally
called the “perichordal disc” (Verbout, 1985), and the precise
boundary between the IVD and VB was difﬁcult to discern.However, the primordial IVD region consisted of densely packed
cells with intensely eosin-stained cytoplasm. Cells in the primor-
dial VB region started to accumulate cartilage matrix and were
arranged in a more or less concentric pattern. From these histo-
logical features, we estimated the putative boundaries, even in
X-gal-stained sections.
In addition, X-gal staining gradually decreased in the primor-
dial VB at E12.5–13.5, and strong staining remained in the vicinity
of the notochord. In the current study we focused on the position
of the X-gal stained cells along the rostro-caudal axis.Results
X-gal staining of E9.5 Uncx4.1-LacZ embryos faithfully reﬂected
the expression pattern of Uncx4.1 in the neural tube, somites, and
mesonephros (supplementary data Fig. S1). A sequence of maturing
somites showed that only the caudal halves of the somite,
dermomyotome, and sclerotome exhibited β-galactosidase activity
(Fig. S1). Unexpectedly, the notochord was stained in the Uncx4.1-
LacZ embryos. As Uncx4.1 mRNA is usually not detected in the
notochord, it is unclear whether this staining represents ectopic
expression in this Tg mouse or very weak genuine expression in
the notochord.
Observation of the vertebral column in Uncx4.1-LacZ embryos
provided insights into the relationship between rostro-caudal
patterning and resegmentation
First, we observed in detail the normal process of vertebrae
formation in wild-type Uncx4.1-LacZ embryos. At E11.5, paired
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(Fig. 1). Strong β-galactosidase activity was observed in the caudal
half of the lateral (Fig. 1A–C), medial (Fig. 1D–F), and midsagittal
(Fig. 1G–I) sclerotome, though the signal was strongest in the
lateral region.
We noticed some diversity in the Uncx4.1 expression pattern
among regions of the primordial vertebrae. In the thoracic, lumbar,
and sacral regions, the proportion of rostral β-galactosidase-
negative and caudal β-galactosidase-positive regions appeared just
1:1 (Fig. 1E, F). In contrast, in the cervical region, the proportion
was almost 1:2 (Fig. 1D). This ﬁnding relates to interpretation of
the resegmentation pattern.
At E12.5, the primordial vertebrae were formed around the
notochord from the cervical to sacral region (Fig. 2). The primor-
dial IVD region was still only a mesenchymal cluster, and the
precise boundary between the IVD and VB was difﬁcult to discern.
However, from the histological features, we estimated the putative
boundaries (see Materials and Methods). The difference in histology
became more deﬁnite at E13.5. X-gal staining gradually decreased
in the future VB from E12.5 to E13.5, and strong staining appeared
to remain in the vicinity of the notochord. From E12.5 to E13.5,
β-galactosidase-positive cells were distributed in the IVD and
rostral portion of the VB as traditionally described in the
thoracic, lumbar, and sacral regions (Fig. 2B, C, E, F). Surprisingly,
β-galactosidase-positive cells localized at the IVD and both the
rostral and caudal ends of the VB in the cervical vertebrae (Fig. 2A, D).
This ﬁnding suggests that the IVD was formed within the Uncx4.1
expression domain, and the rostro-caudal gene expression
boundary does not necessarily coincide with the resegmentation
boundary. At E14.5, the β-galactosidase-positive cells were fewerFig. 2. Localization of β-galactosidase activity in the forming vertebrae of wild-type Unc
lumbar vertebrae at E12.5 and E13.5 (B, C, E, F), X-gal-positive cells are localized in the
vertebrae (A, D), X-gal staining is localized in the ivd and rostral and caudal ends of the
outer annulus of the ivd.in number, with only a few cells per VB from the cervical through
sacral vertebrae, and they were localized at the ventro-rostral or
ventro-caudal corner of the VB in the sagittal section (Fig. 2G–I,
arrows).
In the caudal vertebral region, formation of the vertebral
column was delayed substantially compared to the trunk region
(Fig. S2) and the vertebral morphology was quite different.
At E11.5, β-galactosidase activity was localized to the caudal half of
the dermomyotome and sclerotome (Fig. S2A). At E13.5 and E14.5,
the vertebrae were not yet formed and the caudal sclerotomal cells
appeared to exhibit unique migration. At E13.5, the X-gal-positive
caudal sclerotome elongated both dorsally and ventrally to form
the neural arch and hemal arch, respectively (Fig. S2B). At E14.5,
parts of the dorsal and ventral projections migrated anteriorly to
form a “3”-like pattern (Fig. S2C). At E17.5, peculiar double-
disc-shaped VBs were formed and strong X-gal staining was seen
in the dorsal and ventral margins of the VB and in the hemal arch
(Fig. S2D). Weak staining was observed in the rostral half of the VB
(Fig. S2D, vb), indicating that resegmentation occurred basically in
the same manner as the other vertebral regions. X-gal staining in
the IVD was observed only in the nucleus pulposus (np).
The IVD and whole VB were derived from the caudalized sclerotome
in the Mesp2-KO embryo
Next, we introduced the transgene into the Mesp2 KO back-
ground and observed the process of vertebrae formation in the
Mesp2 KO embryos. At E11.5, the vertebral column was not yet
formed and our observation highlighted the difference between
the lateral and medial sclerotome (Fig. 3). In the lateral sclerotomex4.1-LacZ embryos at E12.5 (A–C), E13.5 (D–F), and E14.5 (G–I). In the thoracic and
intervertebral disc (ivd) and rostral half of the vertebral body (vb). In the cervical
vb. Arrows in G–I indicate X-gal-positive cells at the ventral end of the vb near the
Fig. 3. Localization of β-galactosidase activity in Mesp2 KO E11.5 Uncx4.1-LacZ embryos prior to vertebrae formation. Sections of the lateral sclerotomal (A–C) and medial
sclerotomal (D–F) regions are shown for the cervical (A, D), thoracic (B, E), and lumbar (C, F) regions. Note that X-gal-positive cells are expanded almost uniformly in the
lateral sclerotome (A–C), whereas strongly stained cell clusters (arrows in E) are arranged in the medial sclerotome of the cervical and thoracic regions (D, E).
Fig. 4. Localization of β-galactosidase activity in the forming vertebrae of Mesp2 KO Uncx4.1-LacZ embryos at E12.5 (A–E) and E13.5 (F, G). A low power image of the thoracic
vertebrae is shown in (A), and the other panels are as marked. Scale bar¼100 μm. Brackets indicate vertebral body primordia. Note that the whole vertebral body is stained
randomly and uniformly, suggesting that the IVD and whole VB were composed of Uncx-LacZ-positive cells.
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otomal cells were distributed almost uniformly, surrounding the
dorsal root ganglia and blood vessels (Fig. 3A–C). In the medial
sclerotome in the cervical and thoracic regions, however, the
staining was not uniform and a periodic pattern was visible
(Fig. 3D, E). In the thoracic region, strongly stained cell clusters,typically in the shape of ventrally placed triangles, were arranged
periodically along the anterior–posterior axis (Fig. 3E, arrows).
Weak stained domains were present between the clusters. Cell
density was higher in the strongly stained cell clusters than in the
weakly stained region. More posteriorly, in the lumbar region,
X-gal staining was more uniform (Fig. 3F).
Fig. 5. Comparison of intervertebral disc development in wild-type (A, D), Mesp2
KO (B, C), and Ripply1/2 DKO (E) embryos at E13.5 (A–C) and E14.5 (D, E). Expression
of Fibromodulin (Fmod) was compared by in situ hybridization. In both Mesp2 and
Ripply1/2 mutants, defects in intervertebral disc patterning are enhanced in the
posterior thoracic and lumbar regions (brackets).
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sclerotomal cells were β-galactosidase-positive, and strongly
stained regions and weakly stained regions formed a metameric,
or alternating, pattern, although they were often irregularly
shaped or fused (Fig. 4A). The strongly stained regions with high
cell density turned out to be future IVDs, whereas weakly stained
regions were presumptive VBs. Close examination revealed that, in
the Mesp2 KO vertebrae, the entire VB was uniformly stained and
no localization was detected within the VB (Fig. 4B–D, brackets).
In the lumbar vertebrae, the IVDs were often fused, but a relatively
normal portion exhibited the same condition as above (Fig. 4E).
Also at E13.5, the IVD and whole VB exhibited clear X-gal
staining in both thoracic and lumbar vertebrae (Fig. 4F, G). Again,
no localization was found within the VBs. At late E13.5, X-gal
staining was restricted to the IVD region in both the thoracic and
lumbar regions (data not shown). These observations strongly
suggest that, in the Mesp2 KO embryo, the IVD and whole VB were
derived from the Uncx4.1-expressing caudalized sclerotome.
We also examined the expression pattern of Uncx4.1 mRNA. In
wild-type E11.5 embryos, Uncx4.1 transcript was localized in the
caudal half of the lateral, medial, and midsagittal sclerotomes (Fig.
S3). In Mesp2 KO embryos, Uncx4.1 expression expanded almost
uniformly in the lateral sclerotome (Fig. S4A–C). In the medial
sclerotome in the cervical and thoracic regions, however, an
obvious periodic pattern of strong expression was observed (Fig.
S4D, E). Careful examination of serial sections suggested that the
periodic pattern was less clear in the midsagittal plane, including
the notochord (Fig. S4G, H). In the lumbar region, the medial
sclerotome was not yet organized and only a cloud-like pattern
was visible (Fig. S4F).
Metameric pattern of the IVD/VB is retained but affected in Mesp2 KO
and Ripply 1/2 DKO embryos
Thus the ﬁndings so far have suggested that, in normal develop-
ment, the Uncx4.1-expressing caudal sclerotome gives rise to the IVD
and rostral portion of the VB, whereas the rostral sclerotome gives rise
to the caudal portion of the VB only. In other words, the IVD is formed
exclusively from the caudal sclerotome. To clarify whether this
difference is determined by the rostro-caudal pattern of somites, we
examined the expression of several marker genes for IVD and articular
joints in the Mesp2 KO embryo with caudalized somites and the
Ripply1/2 double KO embryo with rostralized somites.
Type 2 collagen alpha (Col2a1) is expressed in all cartilage and
is a marker of both the VB and IVD (Cheah et al., 1991). Fibromodulin
(Fmod) is a collagen-binding extracellular matrix protein (Oldberg
et al., 1989) that has been used as an IVD marker (Bafﬁ et al., 2006;
Smits and Lefebvre, 2003). Among TGFbs, TGFb3 (TGFb3) is expressed
in the IVD region during development of the vertebral column
(Millan et al., 1991). In addition, TGFb signaling is implicated in the
maintenance of the VB/IVD boundary (Bafﬁ et al., 2006; Bafﬁ et al.,
2004). GDF5 (Gdf5) is known to play important roles in joint
formation in the appendicular skeleton (Storm et al., 1994) and is
expressed in the articular joints of the limbs (Storm and Kingsley,
1996). Gdf5 is also expressed in the articular processes (prezygapo-
physis and postzygapophysis) of the neural arches in the vertebral
column (Settle et al., 2003).
In wild-type E12.5 embryos, Col2a1 was already expressed
throughout the vertebral column. In contrast, Fmod was expressed
in the thoracic region, but not the lumbar or more posterior region
(data not shown). TGFb3 expression was observed on the ventral
side in the thoracic and lumbar regions, and no Gdf5 expression
was detected in the whole vertebra (data not shown).
At E13.5, regional differentiation of the IVD was clearly visible in
the whole trunk vertebrae (Figs. 5 and 6). Fmod-expressing IVD
regions were arranged metamerically and regularly from the cervicalto sacral vertebral primordia (Figs. 5 and 6A–D). TGFb3 expression
was also observed in the IVD but was stronger on the ventral side
and very weak around the notochord (Fig. 6E, F). In contrast, and
unexpectedly, Gdf5 was expressed only in the vicinity of the
notochord within the IVD in the thoracic vertebrae (Fig. 6G).
At E13.5, Gdf5 expression was not observed in the lumbar region
(Fig. 6H). At E14.5, differentiation of the IVD and VB proceeded and
the notochord was forming nucleus pulposus (Fig. 7A–F). TGFb3 was
expressed mainly in the periphery of the IVD (Fig. 7G–I) and Gdf5was
expressed from the cervical through the sacral vertebrae (Fig. 7J–L).
In the Mesp2 KO E13.5 embryo, the IVD regions were irregular
in shape and often fused with each other (Fig. 5B, C and Fig. 6I–P).
The anterior–posterior fusion of the IVD regions was most remark-
able on the ventral side in the posterior-most thoracic and lumbar
vertebrae (Fig. 5B and Fig. 6L, N). Interestingly, in the severely
fused regions, the central portion of the IVD surrounding the
notochord was often missing instead of anterior–posterior fusion
(Fig. 5B and Fig. 6L, N). Obvious asymmetry in the size and number
of IVD regions was also noted between the left and right side.
However, examination of serial sections from the same embryo
revealed that the periodic pattern of the IVD regions was main-
tained from the cervical to the sacral regions (Fig. 5C). A relatively
normal pattern of Gdf5 expression was observed only in the
thoracic vertebrae (Fig. 6O, P). At E14.5 the thoracic region was
irregular but relatively normal, whereas the lumbar region exhib-
ited an abnormal phenotype (Fig. 7M–W). From the posterior-most
thoracic to lumbar region, the IVD was missing in the central part,
but the IVD-like region expanded over the ventral side of the VB
(Fig. 7Q, R, T, U). Gdf5 expression was not detected at E14.5, even in
Fig. 6. Spatial pattern of intervertebral disc development in wild-type (A–H), Mesp2 KO (I-P), and Ripply1/2 DKO (Q–X) embryos at E13.5. The expression patterns of collagen
2a (Col2a1), Fibromodulin (Fmod), TGFb3 (TGFb3), and GDF5 (Gdf5) are shown in the thoracic and lumbar vertebrae. In Mesp2 KO embryos, the density of the intervertebral
disc regions appears to be increased, and the intervertebral disc regions are fused anterior-posteriorly, especially in the lumbar region (L, N). In contrast, in Ripply1/2 DKO
embryos, the intervertebral disc regions appear to be missing in the lumbar region (T, V).
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expression was not maintained (Fig. 7V, W). Gdf5 expression in the
digit and sternum of the same embryo was observed as a positive
control (not shown).
In the Ripply1/2 DKO E13.5 embryo, Fmod and TGFb3 expression
was weak in the posterior trunk region (Fig. 6Q–X). In the cervical
to thoracic regions, the IVDs were irregular in size and form. The
ventral side of the IVD was not observed in the posterior-most
thoracic and lumbar vertebrae (Fig. 6T, V). Gdf5 expression was not
detected throughout the vertebrae (Fig. 6W, X). The abnormality in
IVD/VB patterning in this genotype was better observed at E14.5
(Fig. 5D, E). Irregular and partially fused IVDs were arranged in the
cervical and thoracic regions (Fig. 5E and Fig. 7X, AA, DD).
Strikingly, in the posterior-most thoracic and lumbar vertebrae,
the IVD regions were very sparse or missing, especially on the
ventral side (Fig. 5E and Fig. 7Y, BB, EE). Some embryos had an
anterior-posteriorly elongated, continuous IVD-like region on the
dorsal side (Fig. 5E and Fig. 7BB). More strikingly, relatively normal
IVD regions were observed in the sacral vertebrae (Fig. 7Z, CC, FF),
indicating that the lack of IVDs in the lumbar region was not due
to a general delay in development or damped oscillation of the
segmentation clock. Gdf5 expression was not observed anywhere
in the vertebrae (Fig. 7GG, HH, II), whereas the joint primordium
in the hindlimb was clearly stained (not shown).
In summary, differentiation of the IVD was strongly affected by
rostro-caudal patterning of somite in the lumbar region and
appeared to be stimulated by the caudal property. However, the
periodicity or alternating arrangement of the IVD and VB was
retained in both mutants and did not depend completely on the
Mesp2/Ripply-mediated rostro-caudal patterning of somite.
Periodic pattern of Pax1 expression was not dependent on
rostro-caudal patterning of somite
Somewhat stronger expression of Pax1 was observed in the
caudal half of the sclerotome in the thoracic somites of wild-type
E9.5 embryos (supplementary Fig. S5A, B). This localization wasnot detected in the thoracic somites of Mesp2 KO embryos
(Fig. S5C, D).
In the thoracic sclerotome in wild-type E11.5 embryos (Fig. 8A, D),
Uncx4.1 expression clearly localized in the caudal half of the
sclerotome, and the caudal end of its expression domain abutted
on the intersomitic artery, which indicated the position of the
somite boundary (arrowheads in Fig. 8D). In the adjacent section,
the most intense Pax1 expression was localized not in the caudal
half, but in the central part of the sclerotome between the
intersomitic arteries (Fig. 8A). Thus, at this stage, the strongest
Pax1 expression shifted from the caudal half to the prospective IVD
region. At E12.5, the vertebral primordium was formed and both
Pax1 and Uncx4.1 expression localized to the IVD region (Fig. 8B, E).
At E13.5, Uncx4.1 expression largely had faded and only a weak
signal remained in the ventral end, but Pax1 expression was robust
in the IVD (Fig. 8C, F).
InMesp2 KO E11.5 embryos, Pax1 and Uncx4.1 expression was not
segmented, but appeared uniform along the anterior–posterior axis
(Fig. 8G, J). However, careful observation revealed some cloud-like
localization in their expression levels, and strong Pax1 expression
largely coincided with strong Uncx4.1 expression (Fig. 8G, J). At E12.5,
Pax1 and Uncx4.1 were co-expressed in the IVD region (Fig. 8H, K),
and Uncx4.1 expression disappeared earlier on E13.5 (Fig. 8I, L). Thus,
co-expression of Pax1 and Uncx4.1 seems to represent the future IVD
region also inMesp2 KO embryos. This observation suggests that this
mutant lacks normal IVD patterning in which IVDs are arranged at
regular intervals based on rostro-caudal patterning, but still retains
mechanisms for localized differentiation of the IVD.
Co-expression of Pax1 and Uncx4.1 implies a possible correla-
tion between the caudal half property and IVD differentiation.
However, in Ripply1/2 DKO E11.5 embryos, the sclerotome was
devoid of Uncx4.1 expression but Pax1 expression domains were
periodically arranged in clusters (Fig. 8M, O). At E13.5 these
clusters formed irregular IVD regions (Fig. 8N, P), which suggests
that the caudal half property of the somite is not necessary for a
periodic pattern of Pax1 expression, though Pax1 and Uncx4.1were
co-expressed in the IVD region.
Fig. 7. Spatial pattern of intervertebral disc development in wild-type (A–L), Mesp2 KO (M–W), and Ripply1/2 DKO (X-II) embryos at E14.5. The expression patterns of
collagen 2a (Col2a1), Fibromodulin (Fmod), TGFb3 (TGFb3), and GDF5 (Gdf5) are shown in the thoracic, lumbar, and sacral vertebrae. In Mesp2 KO embryos, the lateral and
medial regions in the lumbar vertebrae are shown, and the lateral region exhibits anterior-posterior fusion of the ventral intervertebral disc-like tissue (R, U). Note that, in
Ripply1/2 DKO embryos, the intervertebral disc region is almost missing in the ventral side of the lumbar vertebrae (BB, EE), but it appears to recover in the more posterior
sacral vertebrae (CC, FF).
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in the caudal half region
The dorsal root ganglion (DRG) is generally located in the
rostral half of somites; therefore, we examined whether it is a
good marker for the rostral half region. At stages before (E11.5) and
after (E13.5) resegmentation, the dorsal root ganglia (DRGs) in the
wild-type embryos were very large. In the cervical and thoracic
regions, the DRG was much wider than the half sclerotome, and
almost matched the one segment in width (Fig. S6A–D, DRG). This
ﬁnding indicates that the DRG does not correspond precisely to
the rostral 1/3 in the cervical or 1/2 in the thoracic sclerotome, but
can expand also to the caudal half region. The spinal nerve bundle
(n) ran between the prospective pedicles and gradually narrowed
ventrally, ﬁnally to a width narrower than the rostral space.
Overall, use of the DRG as a rostral marker is difﬁcult for the
medial sclerotome.
In addition, the DRGs are still formed in the Mesp2 KO embryo
(Saga et al., 1997). Our observations revealed that the DRGs weredensely packed, often fused, and adjacent to the fused pedicles
(pd) and proximal ribs (pr; Fig. S6E, F). This ﬁnding also suggests
that the DRGs can be located in the caudal region because they
overlapped the caudalized sclerotome. Taken together, these
results indicate that the DRG does not serve as a good landmark
for the position of the rostral half.Discussion
The vertebral column consists of a metameric arrangement of
the VB and IVD. Nevertheless, many of simpliﬁed schematics
illustrating the concept of resegmentation just omit IVD develop-
ment. However, a considerable portion of the caudal half of the
sclerotome contributes to the IVD during normal development of
the vertebral column, as traditionally described in the literature
(Christ et al., 2007).
We have shown that the Uncx4.1-expressing caudal sclerotome
gives rise to the IVD and the rostral portion of the VB in wild-type
Fig. 8. Periodic pattern of Pax1 expression is not completely dependent on the rostro-caudal patterning of epithelial somites. The expression patterns of Pax1 and Uncx4.1 are
compared in the wild-type (A–F), Mesp2 KO (G–L), and Ripply1/2 DKO (M–P) embryos at E11.5 (A, D, G, J, M, O), E12.5 (B, E, H, K), and E13.5 (C, F, I, L, N, P). In wild-type E11.5
embryos, the most intense Pax1 expression is observed in the central portion of the sclerotome (A), whereas Uncx4.1 expression is localized in the caudal half sclerotome (D).
At E12.5, both Pax1 and Uncx4.1 expression localized in the intervertebral disc regions (B, E). In Mesp2 KO E11.5 embryos, both Pax1 and Uncx4.1 expressions are expanded
and diffused, but strongly stained domains emerge (G, J), and at E12.5 both genes are co-expressed in the intervertebral disc regions (H, K). In Ripply1/2 DKO embryos, a
periodic pattern of Pax1 expression is formed in the absence of a caudal half property depicted by Uncx4.1 (M–P). Arrowheads in (A) and (D) indicate the positions of
intersomitic arteries.
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portion of the VB. In Mesp2 KO embryos, nearly all sclerotome cells
expressed Uncx4.1, and thus both the IVD and whole VB were derived
from the caudalized sclerotome (Fig. 9). As the two types of tissue,
i.e. IVD and VB, are normally derived from the caudal sclerotome,
it is no wonder that both tissues differentiate in Mesp2 KO embryos.
However, Ripply1/2 DKO embryos also exhibited an irregular,
but periodic, patterning of the IVD, suggesting that the caudal half
property is actually not necessary for IVD differentiation (Fig. 9).
This suggests that localized differentiation or spatial patterning of the
IVD and VB is another critical aspect in vertebral column formation,
intrinsically independent of rostro-caudal patterning of somite.
However, in the posterior thoracic and lumbar regions, the propor-
tion of IVD domains appears to be increased in Mesp2 KO embryos
and dramatically decreased in Ripply1/2 DKO embryos, indicating
that IVD differentiation is stimulated by the caudal half property and
suppressed by the rostral half property (Fig. 9).
Observation of the entire vertebral column of the Uncx4.1-LacZ
embryo revealed some diversity in the mode of resegmentation
and provided a hint about the speciﬁcation of the resegmentation
boundary. In the cervical vertebrae, the expression of Uncx4.1 was
expanded anteriorly, so that the proportion of rostral Uncx4.1-
negative and caudal Uncx4.1-positive regions was almost 1:2,
whereas in the other vertebral regions it was approximately 1:1
(Fig. 1). The labeling patterns of E12.5–13.5 vertebrae (Fig. 2) imply
that the expression boundary of the caudal gene does not
necessarily coincide with the position of IVD differentiation,
further supporting the above notion (Fig. 9).somites
vertebrae
possible metameric pattern
with one-somite widthMesp2 KO
Wild-type  thoracic
lumbar region 
Fig. 9. A hypothetical model illustrating the relationship between the rostro-caudal p
Speciﬁcation of the future IVD position is affected by both the central and caudal prope
factors shifts the IVD primordium into the anterior part of the caudal half of the sclerotom
the VB. In wild-type cervical vertebrae, the central position is fully covered by the caudal
KO and Ripply1/2 DKO embryos, the sclerotome is not segmented, but it might have som
patterning is affected by the rostro-caudal patterning, especially in the lumbar region wIn Mesp2 KO embryos, expression of rostral marker genes
Notch2, EphA4, Cer1, and Tbx18 and the anteriorly localized stripe
of lunatic fringe is lost and Dll1 expression uniformly expanded, in
addition to the expansion of Uncx4.1 (Takahashi et al., 2003;
Takahashi et al., 2000; Takahashi et al., 2007b). In Ripply1/2 DKO
embryos, Tbx18 expression is expanded in addition to the loss of
Uncx4.1 expression (Takahashi et al., 2010). Furthermore, the
pedicles of the neural arches and proximal rib elements were
expanded or lost in these mutants, suggesting a number of genes
and cellular processes change under the control of the Mesp2/
Ripply system. No rostral/caudal marker is currently known that is
not affected by the Mesp2/Ripply system. However, we cannot
completely exclude the possibility that some rostro-caudal pattern
independent of the Mesp2/Ripply system exists in the medial
sclerotome. Our ﬁnding may be an IVD/VB pattern independent of
Mesp2/Ripply-mediated rostro-caudal patterning, represented by
Uncx4.1.
Nevertheless, establishment of the rostro-caudal pattern and
localized differentiation of IVD/VB within the caudal half are
essentially different concepts (Fig. 9). Also, in wild-type embryos,
resegmentation of pre-existing segmental units, i.e. sclerotomes, is
readily observed throughout the vertebrae. In Mesp2 KO embryos,
however, the resegmentation process is not observed, even in the
thoracic vertebrae; instead, high-cell-density clusters emerge
directly from a cloud-like pattern (Fig. 3, Fig. S6, Fig. 8G, J). This
phenomenon appears to be similar to what occurs within the
caudal half of the sclerotome, where the IVD and VB differentiate,
in wild-type embryos. Thus, the irregular vertebral column inRipply1/2 DKO





atterning of somites and intervertebral disc (IVD)/vertebral body (VB) patterning.
rties in the sclerotome. In wild-type thoracic vertebrae, the cooperation of the two
e; thus, the caudal half of the sclerotome gives rise to the IVD and rostral portion of
property, and the IVD primordium is formed within the caudal sclerotome. InMesp2
e metameric pattern enabling speciﬁcation of the central position. However, IVD/VB
here the caudal half property may stimulate IVD differentiation.
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VB patterning.
We propose that the position of IVD differentiation is speciﬁed
by two factors (Fig. 9). First, the presumptive IVD position,
represented by Pax1 expression, is localized in the center of the
sclerotome, enabling alternating arrangement of the IVD and VB.
This process might be achieved by the suppression of Pax1 by
surrounding tissues, or by some self-organizing mechanism that
activates Pax1 in the center and suppresses it in the periphery. This
notion is consistent with the motion segment (Huang et al., 1996)
and arthrotome (Mittapalli et al., 2005) concept. Second, IVD
differentiation is affected by rostro-caudal patterning, so that it
is stimulated in the caudal half and suppressed in the rostral half.
This hypothesis explains various observations in the current study.
In the thoracic vertebrae, cooperation of the two factors causes
localization of the IVD primordium into the anterior part of the
caudal half sclerotome. In the cervical vertebrae, the IVD is not
biased, but formed in the center because the caudal property is
expanded to cover the central position. Even in the unsegmented
sclerotome of Mesp2 KO or Ripply1/2 DKO embryos, a putative
metameric pattern might exist and enable speciﬁcation of a
“central” position. In the lumbar region of these mutant embryos,
the potential metameric pattern is disrupted (attenuated) so that
the IVD pattern is subject to rostro-caudal patterning.
Our idea of speciﬁcation of the IVD primordium in the center of
the sclerotome comes from our observation of Pax1 expression.
At E11.5, prior to vertebra formation, the strongest Pax1 expression
shifts into the central portion of the sclerotome, whereas Uncx4.1
expression remains in the caudal half. Thus, Pax1 expression is
regulated not only by the caudal property, but also by a certain
mechanism independent of rostro-caudal patterning. PAX1 is one
of candidate genes responsible for Klippel–Feil syndrome, which
results in the fusion of cervical VBs in humans (McGaughran et al.,
2003). Pax1-null mice exhibit partial midline defects in the
vertebral column (Wallin et al., 1994), and Pax1/Pax9 double KO
mice lack both VBs and IVDs throughout the vertebral column
(Peters et al., 1999). Although Pax1 expression is ﬁnally localized in
the IVD, its role in IVD/VB differentiation has not been tested.
In open brain mutant embryos with defects in resegmentation,
reduced Pax1 expression is implicated in the loss of IVDs (Sporle
and Schughart, 1998). As Pax1 plays crucial roles in cell prolifera-
tion and survival, strong Pax1 expression in the prospective IVD
region may contribute to differential proliferation and IVD
formation.
Furthermore, our observations are consistent with recent ﬁnd-
ings on the origin of the IVDs in chick embryos. Huang and
colleagues reported that, in their chick/quail chimera experiments,
transplanted somitocoele cells localize to the anterior part of the
caudal half sclerotome and ﬁnally form the IVD and rib (Huang
et al., 1996; Huang et al., 1994). The somitocoele cells are termed
“arthrotome”, as a speciﬁc compartment giving rise to the IVD and
articular processes (Mittapalli et al., 2005). Thus, the IVD derives
from the anterior part of the caudal half sclerotome in the chick
embryo. In our current study, strong Pax1 expression and Uncx4.1
expression overlapped in the anterior part of the caudal half
sclerotome at E11.5 (Fig. 8). The strong Pax1-expressing portion
within the Uncx4.1-expressing caudal half may differentiate into
the IVD.
Recently, Bruggeman and colleagues proposed that the IVD
derives from rostral half of the sclerotome in chick embryos by
ﬂuorescent dye labeling experiments (Bruggeman et al., 2012).
Their experiments did not seem to distinguish central and per-
ipheral positions in the sclerotome. It is possible that rostral half of
the somitocoele cells contributed to the IVD. They also reported
that, in Tbx18Cre;R26R mouse embryos, cells that had expressed
Tbx18 formed most of the anterior annulus ﬁbrosus and very littleof the posterior annulus ﬁbrosus. More detailed analyses are
necessary to clarify nature of the Tbx18-positive and Uncx4.1-
positive cell populations, but partial contributions of both rostral
and caudal cells might imply importance of the “central” property,
and not rostral or caudal.
Studies of ﬁsh vertebrae also support the presence of a
mechanism generating periodic pattern of the IVD and VB inde-
pendent of rostro-caudal patterning. In the vertebral columns of
zebraﬁsh, rostral and caudal sclerotomal cells do not exhibit the
strict resegmentation seen in amniotes, but they exhibit a “leaky”
distribution (Morin-Kensicki et al., 2002). Furthermore, the fused
somites, a zebraﬁsh mutant, exhibits no somite formation other
than an initial ﬁve incomplete somites, and no rostral half
property throughout the somitic mesoderm (van Eeden et al.,
1996). However, the mutant has almost normal VBs, although the
neural arches are duplicated, and can even swim fairly normally.
Thus, our hypothesis contributes to a synthetic understanding of
vertebral column segmentation in both anamniotes and amniotes.
Both Mesp2 KO and Ripply1/2 DKO embryos have irregular
dermomyotomes, though epithelial somites and sclerotomes are
not segmented (Saga et al., 1997; Takahashi et al., 2010). Therefore,
some pattern of segmental units approximately one-somite in
length may exist, and it may affect the periodic patterning of the
IVD in the sclerotome (Fig. 9). Thus far, however, the possibility
that dermomyotomes or myotomes inﬂuence segmentation of the
vertebrae has not been analyzed or discussed. Detailed examina-
tions of possible interactions with myotomes, blood vessels, or
spinal ganglia have to be performed in future studies.
Both Mesp2 and Ripply1/2 DKO embryos exhibited the most
severe defects in IVD/VB patterning in the posterior-most thoracic
and lumbar vertebrae. Among the vertebral regions, the lumbar
region is speciﬁc in mammals, in that the formation of ribs is
strictly suppressed by the Hox code (Wellik and Capecchi, 2003).
Interestingly, somitocoele cells contribute to both the IVD and ribs
in the chick embryo (Huang et al., 1996). If IVD/VB patterning and
rib formation have some common mechanisms, such as activation
of Pax1 in somitocoele cells, Hox-dependent suppression of rib
formation might affect the IVD/VB patterning mechanism, making
the IVD/VB pattern vulnerable and more dependent on rostro-
caudal patterning.
Our assumption of the self-organizing mechanism is based on
observations of the peculiar spatial pattern of IVD differentiation
in Mesp2 KO and Ripply1/2 DKO embryos. In the posterior-most
thoracic and lumbar vertebrae of Mesp2 KO embryos, the central
portion of the IVD surrounding the notochord was missing,
whereas the ventral and dorsal portions were severely fused
anterior-posteriorly. Here, the vertical stripes of the IVD were
discontinuous instead of fused horizontally. This tendency was
also observed in the anterior thoracic vertebrae. In the lumbar
vertebrae of Ripply1/2 DKO embryos, anterior-posteriorly extended
continuous IVD-like tissue was observed dorsally where the IVD
regions were lost. These abnormal patterns cannot be interpreted
as traces of normal IVD stripes. Mechanisms underlying these
spatial patterns are currently unclear, but the regional differentia-
tion of IVDs might involve a mechanism comprising activation and
suppression of differentiation, such as reaction–diffusion. The
observation that vertical stripes partially convert to horizontal
stripes is reminiscent of the rearrangement of stripe patterns in
Angelﬁsh skin (Kondo and Asai, 1995).
Gdf5 expression around the notochord was not observed or
maintained in the Ripply1/2 DKO or Mesp2 KO embryos, indicating
that rostro-caudal patterning of somite is necessary for a complete
histology and gene expression proﬁle of IVD development. Adult
Gdf5-deﬁcient mice have been reported to exhibit abnormal IVD
histology in the annulus ﬁbrosus and nucleus pulposus and
signiﬁcant down-regulation of aggrecan and type II collagen gene
Y. Takahashi et al. / Developmental Biology 380 (2013) 172–184 183expression (Li et al., 2004). Formation of the nucleus pulposus
from the notochord is normal in Gdf5-deﬁcient mice (Maier and
Harfe, 2011). Closely related GDF6 and GDF3 are strongly impli-
cated in the etiology of Klippel–Feil syndrome in humans
(Tassabehji et al., 2008; Ye et al., 2010).
Finally, in Uncx4.1-LacZ transgenic mice, the signal depends on
the expression of a particular gene, Uncx4.1, unlike the lineage
analysis of spatially labeled cells in transplantation studies in avian
embryos. If Uncx4.1 was expressed upon differentiation into IVD
tissue (instead of as a caudal marker), then the observation would
not reﬂect derivation of caudal sclerotomal cells. Ripply1/2 DKO
embryos, however, exhibited differentiation marker-positive IVDs
without Uncx4.1 expression (Fig. 8M–P), demonstrating that
Uncx4.1 is not expressed simply by differentiation into IVDs
(i.e. Uncx4.1 expression in the IVD is not simply due to differentia-
tion). We interpret that the cells derived from the caudal half of
the sclerotome are relatively undifferentiated in the IVD region
and retain Uncx4.1 expression longer.Acknowledgments
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